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© The present invention provides a field emission 
device and a method of majiufecturihg the same. 
The device comprises a plane substrate (1), a cath- 
ode electrode (2)- provided on the plane substrate 
and formed with emission projections (3) extending 
generally parallel to the surface of the : plane sub- 
strate, and a gate electrode (4) provided oh the 
plane substrate for controlling the electron emission 
by the emission projections. The emission projec- 
tions at least of the cathode electrode are formed on 
an insulation layer (6) on the surface of the plane 
substrate such that the tips of; the emission projec- 
tions are positioned vertically above the .level of the 
gate electrode, which enhances the performance of 
the device. 
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The present invention relates to field emission 
devices that emit electrons by a field effect, and to 
a method of manufacture therefor. In particular, the 
invention relates to a field emission device of the 
lateral type having a cathode electrode formed on 
a substrate with projections extending generally 
parallel to the surface of the substrate. 

A prior field emission device of the lateral type 
is disclosed in a paper by Junji (to. in Oyo Butsuri 
(Journal of Applied Physics. Japan) Volume 59, No. 
2. pp. 164 to 168 (199dj; Rgure : l!3 shpws a frag- 
mentary plan view of this prior field emission de- 
vice, which forms part bf a planar triode element 
The device has a structure formed by a successive 
arrangement of a wedge type emitter electrode 
102, a columnar gate electrode 103, and an anode 
electrode 104 side by side on the surface of a 
quartz substrate 101. These three electrodes are 
formed by etching 1 *m thick tungsten film using 
photo-etching technology. The emitter electrode 
102 has one hundred and seventy wedge shaped 
projections arranged at a 10 *m pifch. The distance 
between the emitter electrode 102 arid the gate 
electrode 103 Is 15 /im. and the distance between 
the gate electrode 103 and the anode electrode 
104 is 10 fim. 

When the electrical properties of the planar 
triode element including such a field emission de- 
vice are measured in a vacuum of 5x10 " 6 Pa, 
the emission current is a Fowter-Nordheim (F-N) 
tunnel current, and when the gate voltage is 220 V 
and the anode voltage is 318 V, an anode current 
of about 2 *A is obtained. This gives an anode 
current of 7 nA for one emitter electrode. The 
mutual conductance is about 0.1 *S. 

However, such prior planar triode elements 
have a number of problems as described below. 
Namely, because the emitter electrode 102, the 
gate electrode 103 and the anode electrode 104 
are formed from the same layer of metal film, when 
electrons emitted from the tips of the emitter elec- 
trode 102 travel towards the anode electrode 104. 
they collide with the gate electrode 103, which is in 
the same plane. Because a positive potential is 
applied to the gate electrode 103. some of the 
electrons colliding with it flow Into .the gate elec- 
trode 103. As a result, the yield (anode current/ 
total emission current) of electrons flowing into the 
anode electrode 104 declines, leading to a reduc- 
tion in power efficiency and to the electrical prop- 
erty called low mutual conductance. With the prior 
art. the yield is of the order of 60%. 

Also, the emitter electrode 102 and the gate 
electrode 103 are formed in the same photo-etch- 
ing process. The distance between these elec- 
trodes is determined by the degree of resolution 
during resist exposure, and the practical level has a 
limit of 0.8 /im. Further, dispersion increases as 



this distance becomes more minute. Hence, be- 
cause the threshold voltage for the electron emis- 
sion and Its uniformity are greatly dependent on 
the distance between the emitter electrode 102 and 

s the gate electrode 1 03, prior planar triode elements 
have the problem that It Is difficult to lower the 
threshold voltage, and, even if it can be lowered, 
there is the problem of worsened uniformity. 

Further, the radius of curvature of the projec- 

io ting tips of the emitter electrode 102 also has a 
great effect on the threshold voltage. The smaller 
the radius of curvature, the smaller the threshold 
voltage, but with prior methods of manufacture this 
radius of curvature is limited to 2000 A by blunt or 

i$ coarse photo-resist. It Is preferred that the radius of 
curvature be no more than a maximum of 1000 A 
in order to obtain a practical threshold voltage, but 
this is difficult to achieve with the prior art 

ft Is an object of the present invention, at least 

20 in its preferred forms described below, to over- 
come some or all of the above problems. 

According to the present Invention, there is 
provided a field emission device comprising a sub- 
strate, a cathode electrode provided on the sub- 

26 strata and formed with emission projections ex- 
tending generally parallel to the surface of the 
substrate, and a gate electrode provided on the 
substrate for controlling electron emission by the 
emission projections, characterised in that at least 

30 the emission projections are formed on an insula- 
tion layer on the substrate such that the tips of the 
emission projections are positioned vertically above 
the level of the gate electrode. 

In the present invention, the distance between 

35 the cathode electrode and the gate electrode is 
determined by the Insulation layer, or by means of 
the insulation layer and the gate electrode, and 
may thus be reduced by comparison with the prior 
art. 

40 The field emission device according to the 
present invention also has a construction, In which 
the radius of curvature of the projection tips may 
be reduced by comparison with the prior art, per- 
mitting a lowering of the threshold voltage in use* 

45 According to another aspect of the present 
invention, there is provided a method of manufac- 
turing a field emission device comprising the steps 
of forming a cathode electrode on a substrate with 
emission projections extending generally parallel to 

so the surface of the substrate, and forming a gate 
electrode on the substrate for controlling electron 
emission by the emission projections, and charac- 
terised by forming an Insulation layer on the sub- 
strat beneath at least the emission projections of 

65 the cathode electrode such that the tips of the 
emission projections are positioned vertically above 
the I vol f the gate electrode. 

Advantageously, the method comprises the 
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steps of forming an Insulation layer over the sur- 
face of the substrate and a cathode electrode layer 
on the surface of the insulation layer, and treating 
the cathode electrode layer by means of an excess 
etching process to forr^ 

By excessively etching ciftode; electrode 
layer in the lateral /dir^bri; ft Is rkfs^te to make 
the bps of the emission proJeciSons sharper (i.e. to 
reduce their radH of curvature}. 

The invention Is described further, by way of 
example, with reference to the accompanying 
drawings, In which:- 

Rgure 1 (A) Is a fragmentary plan view of a field 
emission device according to the present inven- 
tion having a construction wherein a gate elec- 
trode and a cathode electrodo are partially over- 
lapped with an insulation layer therebetween, 
and Figure 1 (B) is a sectional view along the 
line U - L2 In Figure 1 (A); 
Figures 2 (A) to 2 (E) are fragmentary sectional 
views after completion of the main manufactur- 
ing process steps for the purpose of explaining 
a method of manufacturing the field emission 
device of Figure 1; 

Figures 3 (A) to 3 (C) respectively show frag- 
mentary plan views corresponding to Figures 2 
(C) to 2 (E) for the purpose of explaining in 
detail the process of making the cathode elec- 
trode of Figure 1; 

Figure 4 is a graph showing changes in the radii 
of curvature of emission projections of the field 
emission device relative to the amount of lateral 
direction etching of molybdenum thin film; 
Figure 5 (A) is a fragmentary plan view of a 
planar Mode element utilising the field emission 
device of Figure 1, arid Figure 5 (B) is a sec- 
tional view along the line L3 - L3 in Figure 5 (A); 
Figure 6 is a partial perspective view of a field 
emission device according to a second embodi- 
ment of the present invention with the gate 
electrode formed by self matching with the cath- 
ode electrode; 

Figures 7 (A) to 7 (E) are fragmentary sectional 
views after completion of the main manufactur- 
ing process steps for the purpose of explaining 
a method of manufacturing the field emission 
device of Figure 6; 

Figure 8 (A) is a fragmentary plan view of a field 
emission device according to a. third embodi- 
ment of the present invention wherein the gate 
electrode has an inclined plane sloping relative 
to the projection direction of emission projec- 
tions of the cathode electrode, and Figure 8 (B) 
is a sectional view along the line US - L6 in 
Figure 8 (A); 

Figures 9 (A) to 9 (E) are fragmentary sectional 
views after completion of the main process 
steps of manufacture for the purpose of explaln- 
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ing a method of making the field emission de- 
vice of Figure 6; 

Figures 10 (A) to 10 (C) are fragmentary plan 
views showing the process step of etching an 
6 insulation layer and a plane substrate with an 
excess etching method In the method repre- 
sented In Figure 9; 

Figure 11 (A) Is a fragmentary plan view of a 
dual planar triode element utilising a modifed 
70 field emission device according to the present 
invention, and Figure 11 (B) is a sectional view 
along the line L7 • L8 fn Figure 11 (A); 
Figaro 12 (A) is a fragmentary plan view of a 
planar tetrode element utilising a field emission 
75 device according to the present invention, and 
Figure 12 (B) is a sectional view along the line 
L9 - L10 in Rgure 12 (A); and 
Figure 13 is a fragmentary plan view of a pn'or 
art field emission device. 
20 Figure 1 is a fragmentary view of a first field 
emission device according to the present invention 
having a structure wherein a gate electrode and a 
cathode electrode are partially layered and have an 
insulation layer there-between. The field emission 
25 device has a gate electrode 4 and an anode elec- 
trode 5 comprising a thin film of molybdenum 2000 
A thick on the surface of a plane quartz substrate 
1 , and an island insulation layer 6 comprising a thin 
film of silicon dioxide (SiOa) 5000 A thick in corn- 
so mon on part of the surface of the gate electrode 4 
and on part of the surface of the plane substrate 1 . 
A cathode electrode 2 comprising a thin film of 
molybdenum 2000 A thick is provided so that it 
covers the island insulation layer 6 and overhangs 
3$ there-from. 

The cathode electrode 2 has three emission 
projections 3 disposed at a 20 ^m pitch. The 
emission projections 3 have a structure such that 
they project | n ^ direction of the gate electrode 4 
40 parallel to the plane substrate 1. The radius of 
curvature of the tips of the emission projections 3 
Is 800 A. The gate electrode 4 and the emission 
projections 3 overlap in a mutually parallel manner 
and with the island insulation layer 6 and the space 
45 7 there-between. The distance between the 
gate electrode 4 and the emission projections 3 is 
5000 A, being equal to the thickness of the Island 
insulation layer 6. Also, the distance between 
the gate electrode 4 and the anode electrode 5 is 5 
so pm, and the distance Uk between the emission 
projections 3 and the anode electrode 5 Is 12 nm. 

This field emission device has emission projec- 
tions 3 positioned higher than the gate electrode 4, 
and thus electrons emitted from the mission pro- 
55 jections 3 arriv at the anode electrode 5 without 
colliding with the gate electrode 4. 

Figure 2 is for the purpose of explaining the 
method of manufacture of the field mission device 
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of Figure 1. Figure 2 (A) showing the formation of 
the gate electrode 4 and the anode electrode 5. 
The plane substrate 1 used is a transparent quartz 
substrate 1.1 mm thick and 7.62 cm (3 inches) in 
diameter. After depositing a thin film of molyb- 
denum 2000 A thick on the surface of the plane 
substrate 1 by a sputtering method, the molyb- 
denum thin film is processed to tepered shapes 
using a CF4/O2 plasma dry etching method with a 
photo-resist mask, to form the gate electrode 4 and 
the anode electrode 5. 

After this, an insulation layer 8 and a cathode 
electrode layer 9 are stacked on one another as 
shown In Figure 2 (B). The insulation layer 8 and 
the cathode electrode layer 9 are respectively a 
silicon dioxide thin film 5000 A thick and a molyb- 
denum thin film 2000 A thick deposited continu- 
ously by the sputtering method. The silicon dioxide 
thin film has a direct current insulation resistance 
over 6 MV/cm. The dispersion of the film thickness 
has good uniformity within 2% in relation to the 
plane substrate surface. 

The next step involves forming a hot photo- 
resist 10 used in etching the cathode electrode 
layer 9, as shown in ; Figure 2 (C). The film thick- 
ness of the photo-resist 10 is about 1 /im. The 
cathode electrode 2 is shown in Figure 2 (D). The 
cathode electrode layer 9 is processed to tapered 
form by a dry etching method with CFUO2 plasma 
The etching conditions are: gas flow amount ratio 
CF4/O2 = 60/200, and RF power 700 W. The 
etching time is twenty minute?. Under these etch- 
ing conditions, the etching speed of the molyb- 
denum thin film is about 500 A/minute, and about 
four minutes of etching will be sufficient for remov- 
ing a film thickness of .2000 A. However, by per- 
forming excess etching for twenty minutes, or five 
times as long, and etching in the lateral direction 
also, a cathode electrode is formed that has sharp 
emission projections. The photo-resist 10 at this 
time has 8000 A removed by etching in both the 
lateral and the vertical directions, and the molyb- 
denum thin film is also etched away by about 8000 
A in the lateral direction. At this time, the cathode 
electrode 2 having a gradually tapered section re- 
mains beneath the photo-resist 10. 

After partially etching away the insulation layer 
8 and then removing the phbto-reslst 10, the de- 
vice is as shown In Figure 2 (E). The insulation 
layer 8 is removed with a hydrogen fluoride (HF) 
etching solution and the photo-resist 10 is removed 
with an exclusive use peeling solution. 

Figure 3 represents in detail the manufacturing 
process for the cathode electrode 2, Figures 3 (a) 
to 3 (C) respectively corresponding to Figures 2 (C) 
to 2 (F). Figure 3 (A) is a plan view taken after 
forming the photo-resist 10. The photo-resist 10 
has hot resist projections 11 used in forming the 



emission projections 3 and formed with tip radii of 
curvature of about 2000 A. After forming the cath- 
ode electrode 2 (Figure 3 (B)), peripheral portions 
of the photo-resist 10 are removed by etching 
5 about 8000 A by the excess etching method, and 
the positions of the photo-resist projections 11 are 
set back about 1 *m. The cathode electrode layer 
9 is also etched off to nearly the same shape. 
Figure 3 (C) is a plan view of the completed 
10 device. The tips of the emission projections 3, 
when viewed with a scanning electron microscope, 
have tip angles of about 70* and their radii of 
curvature are about 800 A. Also, their sections 
taper gradually in form with tip angles about 45* 
15 and radii of curvature of about 300 A. As a result it 
is confirmed that the emission projections 3 have 
tip shapes sharper than the photo-resist pattern, 
which has blunt or coarse tip shapes. 

Figure 4 Is a graph showing changes in the 
20 radii of curvature of the emission projections rela- 
tive to the amount of lateral direct etching of the 
molybdenum thin film. The etching conditions were 
the sames as described before, and the amount of 
etching was controlled by varying the etching time. 
25 This graph shows that it Is possible to make the 
radii of curvature of the tips below 500 A by 
excess etching of over 1.5 *m. 

Figure 5 is a fragmentary view of a plane triode 
element utilising the field emission device of the 
30 present example. This plane triode element has, as 
its main constructional features, the plane substrate 
1 furnishing the field emission device, an opposite 
substrate 16 placed generally parallel thereto, and 
an interstitial support 18 adhered to the substrates 
35 to maintain an open space there-between with a 
vacuum layer 19 formed therein. Successively po- 
sitioned in the lateral direction on the surface of the 
plane substrate 1 are the cathode electrode 2 
formed on the surface of the Island Insulation layer 
40 6 and having a cathode terminal 12, the gate 
electrode 4 having a gate terminal 14, and the 
anode electrode 5 having an anode terminal 15. 
There is also a getter mass 13 comprising a bari- 
um and aluminium material (BaAU) for maintaining 
45 the degree of vacuum. The opposite substrate 16 
comprises a quartz substrate 1 mm thick, and Is 
formed with a conductive thin film 17 facing the 
vacuum layer 19 for charge prevention. A hole 700 
tim in diameter in the opposite substrate t6 is used 
so for evacuation for forming the vacuum layer 19. 
and this is plugged with a stopper 20 of gold-tin 
(Au-Sn) alloy. The Interstitial support 18 is sintered 
frit glass with a mixture of spherical glass spacers 
50 fim in diameter, formed so as to seal the periph- 
55 era! parts of the respective substrates in an air tight 
manner. The width of the interstitial support 18 is 
about 500 pm. Th vacuum layer 19 has a thick- 
ness of about 50 ftm and Its vacuum Is maintained 
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below 1 x 10" y Torr. 

The method of making this planar Mode ele- 
ment will now be explained. First the getter mass 
13 is mounted on the completed plane substrate 1. 
Also, the frit glass with the mixture of spherical 5 
glass spacers is formed by a screen printing meth- 
od on the peripheral portions of the holed opposite 
substrate 16 and the conductive thin film 17. Next, 
pairs of the substrates am adhered In position and 
the frit glass is sintered by heating at 450* be- to 
tween the two substrates whlJci applying a load, ff 
necessary, pro-sintering of the frit glass is done 
before the adhesion. Next, a thin film of chrome 
(Cr) and a thin film of gold (Au) are formed continu- 
ously in the vicinity of the hole, after which an Au- is 
Sn alloy mass is placed In the vicinity of the hole. 
Next, the substrates are Inserted (n a vacuum 
chamber and the vacuum layer 19 is drawn to a 
sufficient vacuum through the hole. In this state, 
the Au-Sn alloy mass Is irradiated with a laser 20 
beam to melt it and form the stopper 20 to close 
the hole. Finally, the substrates are removed from 
the vacuum chamber, and the getter mass 13 is 
laser irradiated from the back surface to evaporate 
it and revive the getter action. The lasers used 25 
here may be X-ma lasers, YAG lasers and CO2 
lasers, for example. 

About two hundred of the planar triode ele- 
ments were made at the same time from 7.62 cm 
(3 inch) substrate, in sizes of 4 mm wide, 3.6 mm so 
high and 2.1 mm thick. The electrical properties of 
the elements were measured. After the cathode 
electrodes 2 were grounded and an anode voltage 
V ak = 200 V was applied to the anode electrodes 5 
and a gate voltage V Bk was applied to the gate 35 
electrodes 4, measurements were made of cathode 
current l k( gate current \ g and anode current l a . The 
results obtained were emission currents of I* B 3 x 
1<r M A (1 x TO-" A^p) at Vgk =* 60 V, and k = 6 
x 10~ B A (2 x 10" B A/tip) at V* » 100 V. This 40 
emission current was an F-N tunnel current The 
anode current yfekl (\M was about 90% at V flk = 
60 V and about 75% at V gk = 1 00 V. 

Compared with prior technology, the gate volt- 
age required for electron emission (i.e. the thresh* 4$ 
old voltage) was reduced to less than 1/2, and the 
yield was improved over 20%. Also, when the 
distribution of the threshold voltage was measured 
throughout the 7.62 cm (3 inch) substrate, its dis- 
persion was found to have good uniformity within 50 

£6%. 

Although molybdenum thin films are described 
as the electrode material in the present example, 
the invention is not restricted thereto, it being pos- 
sible to utilise other metals, such as tantalum, 65 
tungsten, silicon, chrome and aluminium and alloys 
containing these metals. Also, it is possible to 
utilise Insulated substrates, having an insulating 



surface over their entire surfaces, such as silicon 
substrates, as the plane substrate. Further, the 
insulation layer is not restricted to thin films of 
silicon dioxide, and can utilise materials such as 
silicon nitride and alumina. 

Coatings of materials with small work functions 
such as barium, thorium and cesium, may be used 
on the emission projections to decrease the thresh- 
old voltage of the electron emissions. 

The emission projections may be furnished in 
sufficient numbers to decrease electron emission 
noise, and the S/N ratio can be made larger by 
driving them simultaneously and effecting the elec- 
tron emission simultaneously. 

Also, It Is possible to form a fluorescent sub- 
stance on the surface of the anode electrode 5 of 
the planar triode element shown in Figure 5 to 
construct a luminous display, or to form thereon a 
material, such as a thin film of copper, that pro- 
duces x-rays and construct a fine x-ray source by 
exciting this film with an electron ray. 

In a second embodiment of the invention, 
which will now be described, the field emission 
device has a gate electrode formed in a self match- 
ing manner with the cathode electrode, as shown in 
Figure 6. 

This field emission device has a gate electrode 
24 comprising a thin AI film 1000 A thick on the the 
surface of a plane substrate 21, which comprises a 
quartz substrate. Two independent island insulation 
layers 26, comprising thin films of silicon dioxi^^J 
5000 A thick are provided on both sides of the 
substrate 21, and a cathode electrode 22 and an 
anode electrode 25 comprising thin molybdenum 
films 2000 A thick are formed on the surfaces of 
the Island insulation layer 26 and overhang there- 
from. 

The cathode electrode 22 has three emission 
projections 23 positioned at a 10 /rnn pitch. The 
emission projections 23 have a construction such 
that they project In the direction of the gate elec- 
trode 24 parallel to the plane substrate 21 without 
the island insulation layer 26 being in the vicinity of 
their tips. The radii of curvature of the tips of the 
emission projections 23 are about 500 A. The gate 
electrode 24 has a missing portion 27 giving it an 
edge contour formed generally in the same shape 
as the emission projections 23 and directly below 
the emission projections 23. The missing portion 
27 Is formed to match the emission projections 23. 
and the portion In the previous embodiment where 
the gate electrode 4 and the emission projections 3 
overlap parallel to one another is not present here. 
The distance (UgJ between the gate electrode 24 
and th emission projections 23 is determined by 
the film thickness by the island insulation layer 26 
and the film thickness of th gate electrode 24, and 
this valu If 4000 A, taking the film thickness of th 
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gats electrode 24 from the film thickness of the 
island insulation layer 26. 

The anode electrode 25 and the cathode elec- 
trode 22 are situated In a position about 4000 A 
higher than the gate electrode 24. Consequently, 
the distance between the gate electrode 24 and the 
locus of electrons emitted from the emission pro- 
jections 23 is also 4000 A. The distance L<* be- 
tween the cathode electrode 22 and the anode 
electrode 25 is 8 ^m. Consequently! electrons 
emitted from the tips of the emission projections 23 
traverse the gate electrode 24 about 5 ?m above It 
and arrive at the anode electrode 25 without collid- 
ing with the gate electrode 24. 

Figure 7 is for the purpose of explaining the 
method of making the field emission device of the 
present example. Figure 7 (A) showing the forma- 
tion of an insulation layer 28 and a cathode elec- 
trode layer 29. The plane substrate 21 is an insulat- 
ing quartz substrate. On the surface of this are 
successively deposited a thin film of silicon dioxide 
5000 A thick as the insulation layer 28 and a thin 
film of molybdenum 2000 A thick as the cathode 
electrode layer 29. using a sputtering method. After 
this, the cathode electrode 22 and anode electrode 
25 are formed as shown in Figure 7 (B). The 
etching method used here for the cathode elec- 
trode layer 29 is Identical to the method of excess 
etching the cathode electrode layer 9 by means of 
dry etching as described fn the first embodiment 
Figure 7 (C) shows where the insulation layer 28 
has been partially etched away and the emission 
projections 23 have been exposed. Using the same 
wet etching method as in the first embodiment, the 
unnecessary portions of the insulation layer 28 are 
removed and the emission projections 23 are ex- 
posed so as to project in an overhanging manner. 
The plane substrate 21, being quartz, undergoes 
almost no etching at this time. 

After this, the gate electrode layer 30 is formed 
as shown in Figure 7 (D) by means of directional 
particle deposition, e.g. an evaporation method, to 
deposit a thin Al film 1000 A thick. The directional 
particle deposition is a method that deposits par- 
ticles flying generally vertically from a power 
source onto the surface of the plane substrate 21. 
When this method Is used, the portions that project 
outwardly, such as the emission projections 23, 
become negative, and the thin film deposited on 
the surface of the cathode electrode 22 or the 
anode electrode 25 and the thin film deposited on 
the surface of the plane substrate 21 separate. 
Further, the missing portion 27 of the same shape 
as the emission projections 23 is formed in a self 
matching manner directly beneath th emission 
projections 23. The directional particle deposition 
methods that can be mployed are sputt ring 
methods and ECR (electron cyclotron resonance) 



deposition methods. Following this, the gate elec- 
trode layer 30 is etched as shown In Figure 7 (E) to 
form the gate electrode 24. Using conventional 
photo-etching technology, the thin Al layer Is 

s etched with an HF type etching solution that will 
not Invade the molybdenum thin film. At this time, 
ft Is Important to employ a photo-resist so that the 
missing portion 27 is not etched. 

The electrical properties of the field emission 

io device of the present example were measured un- 
der a high vacuum. When the cathode electrode 22 
was grounded and the anode voltage was set at 
V tle = 200 V, a cathode current l k = 5 x 10-" A 
was obtained at a gate voltage = 60 V. and l k 

is = 1.4 x 10"' A was obtained at = 100 V. Also, 
the anode current yield was 92% when V gk = 60 V 
and was 80% when V ok * 100 V. Compared with 
the first embodiment this embodiment has a small- 
er distance Lg k between the gate electrode 24 and 

20 the emission projections 23, and the anode elec- 
trode 25 is raised in a high position. 

A field emission device according to a third 
embodiment of the present Invention wherein the 
gate electrode has an inclined surface that is slop* 

25 ing relative to the salient direction of the emission 
projections will now be explained with reference to 
Figure 8. In this embodiment, the field emission 
device has a plane substrate 31, which Is a 7059 
glass substrate (made by Coming Company) 1.1 

so mm thick. A cathode electrode 32 and an anode 
electrode 35 formed on island insulation layers 36 
are provided on flat portions of the surface of this 
plane substrate 31. A gate electrode 34 is formed 
both on a plane and on an inclined surface 37 of 

35 the plane substrate 31 in the vicinity of the cathode 
electrode 32. The cathode electrode 32 has three 
emission projections 33 arranged at a pitch of 10 
pm. The tips of the emission projections 33 have a 
structure that projects in the direction of the gate 

40 electrode 34 parallel to the flat portions of the 
plane substrate 31, beyond the island insulation 
layers 36 beneath them. The radii of curvature of 
the tips of the emission projections 33 are about 
500 A. 

45 The gate electrode 34 has the same missing 
portion as the gate electron In the field emission 
device of the second embodiment The island In- 
sulation layers 36 comprise thin silicon dioxide 
films 3000 A thick, and the gate electrode 32, the 

so gate electrode 34 and the anode electrode 35 
comprise molybdenum thin film 2000 A thick. In 
the vicinity of the emission projections 33, a portion 
of the gate I ctrode 34 has a slope about 25* 
downward from the emission direction of th mis- 

55 sion projections 33. This is because the inclined 
surface 37 is formed with a slope about 25* down- 
ward relativ to the flat portions f the plane sub- 
strate 31. The sections of the island insulation 



6 



11 



EP 0 443 865 A1 



12 



layers 36 are reverse tapered fn shape, having 
angles of about 23* under the emission projections 
33 and of about 45* in other portions. 

The distance between the emission projec- 
tions 33 and the gate electrode 34 Is about 4000 A, 
the distance U 0 between the gate electrode 34 and 
the anode electrode 35 is about 3 *m f and the 
distance between the emission protections 33 
and the anode electrode 35 is 8 *m. Electrons 
emitted from the emission projections 33 go over 
the gate electrode 34 at about 5 pm, and the 
distance between the locus of the electrons and the 
gate electrode 34 is 2.3 P m at a maximum. 

Figure 9 is for the purpose of explaining the 
method of making the field emission device of the 
present example, Figure 9 (A) showing the forma- 
tion of an Insulation layer 3a The insulation layer 

38 is a thin silicon dioxide film 3000 A thick depos- 
ited by a conventional CVD (chemical vapour depo- 
sition) method at a deposition temperature of 
300* C, and employing monosilane gas and oxygen 
gas as the raw gas. with deposition being effected 
under atmospheric pressure. 

Next, the insulation layer 38 and the plane 
substrate 31 are partially etched by an excess 
etching method to form the insulation layer 38 with 
reverse tapers and to form the Inclined surface 37 
on the plane substrate 31 as shown in Figure 9 (B). 

Figure 10 shows the manufacturing process 
steps of etching the insulation layer 38 and the 
plane substrate 31 by the excess etching method. 
First, a hot photo-resist 41 is formed in the position 
of the anode electrode and the cathode electrode 
on the surface of the insulation layer 38 as shown 
in Figure 10 (A). The film thickness of the photo- 
resist 41 is about 1 fim. The tips of the photo-resist 
projections 42 in the position of the cathode elec- 
trode have radii of curvature of about 2000 A. The 
photo-resist 41 uses an interface reinforcing agent 
to enhance adhesion wfth the insulation layer 38. 
Excess etching of the insulation layer 38 is done in 
this state, and the surface of the plane substrate 31 
is also etched at the same time. Here, excess 
etching means etching the Insulation layer 38 in the 
lateral direction over a distance several times more 
than the film thickness of the insulation layer 38. 
The etching solution is a mixed solution of hy- 
drogen fluoride and acetic acid (HF + CH 3 COOH 
+ H 2 0), and the etching speed of the thin silicon 
dioxide film and the 7059 glass substrate are re- 
spectively 1.38 ftm/ minute and 0.8 ^m/minute. The 
etching time Is three minutes. 

Figure 10 (B) is a plan view after the excess 
etching. The tips of the insulation layer projections 

39 in the position of the cathode electrode are set 
back about 4 P m from the position of the tips of the 
photo-resist projections 42, and their radii of cur- 
vature are about 400 k and are rather small com- 



pared to those of the photo-resist projections 42. 

After this, the photo-resist 41 Is peeled, as 
shown in Figure 10 (C), which corresponds to the 
sectional view In Figure 9 (B). As will also be 

s understood from Figure 0 (B), the Island insulation 
layer 36 is etched more at its interface wfth the 
plane substrate 31 than at its surface, so that Its 
sections have a reverse tapered shape, tn particu- 
lar, the Insulation layer projections 39 have sharper 

to taper angles than the other portions. The reason for 
the reverse tapers is that the etching speed of the 
insulation layer 38 becomes faster at the interface 
with the plane substrate 31 because the adhesion 
of the insulation layer 38 wfth the plane substrate 

ib 31 is less than with the photo-resist 41. The plane 
substrate 31 Is etched by a maximum amount of 
22 ftm % and the slope of the Inclined surface 37 
formed under the Insulation layer projections 39 is 
about 25*. 

20 Figure 9 (C) shows an electrode layer 40 
formed by directional particle deposition. The elec- 
trode layer 40 comprises a molybdenum thin film 
2000 K thick. The process step for forming the 
layer 40 is identical to the corresponding process 

25 step described in relation to the second embodi- 
ment. A characterising feature of this process step 
is that the electrode layer 40 deposited on the 
surface of the island insulation layer 36 reflects the 
plane shape of the island insulation layer 36 ex- 

oo actly, whereby the electrode layer 40 has very 
good projections with radii of curvature of about 
500 A formed on the surface of the insulating 
projections 39. 

The electrode layer 40 is partially etched as 

35 shown in Figure 9 (D) by a photo-etching method 
to form the cathode electrode 32, the gate elec- 
trode 34 and the anode electrode 35. Dry etching 
of the molybdenum thin film as described above Is 
employed. Supplemental etching of the island In- 

40 sulation layer 36 exposes the emission projections 
33 as shown In Figure 9 (E), the exposed plane 
substrate 31 also being etched a little at this time. 

When the electrical properties of the present 
device were measured in the same manner as fn 

45 the second embodiment a cathode current U = 
4.8 x 10" 11 A was obtained at a gate voltage Vgk ~ 
60 V, and I k = 2 x 10~ 7 A was obtained at = 
100 V. Also, the anode current yield was 95% at 
V flk = 60 V. and 85% at VgK - 100 V. These 

so values, when compared with the field emission 
device of the second embodiment, show the same 
threshold voltage with a rise in anode current yield. 
The reason for such improv d electrical properties 
is because the distance remains unchanged 

66 because of the introduction of the sloping gate 
electrode 34, s that the threshold voltage is un- 
changed, while th distance between th gate elec- 
trode 34 and the locus of the lectrons from the 
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cathode eJectrode 32 to the anode electrode 35 is 
made larger and electrons are prevented from flow- 
ing to the gate electrode 34. 

Figure 11 is a fragmentary plan view of a dual 
planar triode element that utilises a field emission 
device substantially as in the second embodiment 
of the present invention. 

More especially, the structure of a cathode 
electrode 44 and a gate electrode 46 are generally 
the same as in the second embodiment However, 
the cathode electrode 44 has two sets of emission 
projections 45 facing in different directions, and 
independent gate electrodes 40 are respectively 
provided for each set of emission projections 45. 
Also, the field emission device has an anode elec- 
trode 47 in two Independent parts on an opposite 
substrate 49, respectively forming parrs with the 
two sets of emission projections 45 and the gate 
electrodes 46 on the plane substrate 43. In this 
manner, a dual planar triode element is construct- 
ed, in which two field emission devices having the 
cathode electrode 44 in common are placed inside 
a vacuum layer 50. 

The method of adhering an interstitial support 
51 to the plane substrate 43 and the opposite 
substrate 49, the method of closing the element 
using a stopper 53, and the method of maintaining 
a vacuum with a getter mass 52 are Identical with 
the first embodiment 

Figure 12 is a fragmentary plan view of a 
planar tetrode element utilising a field emission 
device in which a cathode electrode 55 and a gate 
electrode 57 are constructed as described in rela- 
tion to the second embodiment end a shield elec- 
trode 59 is placed between the gate electrode 57 
and an anode electrode 58, The shield electrode 
59 has the function of shielding the field of the 
anode electrode 58 applied to emission projections 
56. In the planar triode element described In the 
first embodiment the anode resistance was small 
because the emission current from the emission 
projections 3 varies in dependence not only on the 
gate electrode 4 but also on the field of the anode 
electrode 5. When an amplifier or switching ap- 
paratus is used, a large anode resistance is neces- 
sary. When the shield electrode 59 is provided as 
in the present example and a fixed potential is 
maintained, e.g. by grounding the shield electrode 
59, to shield the field of the anode electrode 58, a 
planar tetrode element of very large anode resis- 
tance is realised. Further, because the anode resis- 
tance depends on the width of the shield electrode 
59. this width is determined by the trade off be- 
tween the anode current and the yield. 

In the planar tetrod lam nt of the present 
example, the width of th shield electrode 59 is 50 
fim, and th width of the anode efectrod 58 is 100 
fim. When the shield electrode 59 was grounded 



and the anode voltage = 200 V, the cathode 
current l k « 1.4 x 10~ 7 A was obtained at a gate 
voltage V flk » 100 V, and the anode resistance was 
Ra « 15 MQ and the anode current yield was 70%. 
s As explained above, the field emission device 
and Its method of manufacture, according to the 
present invention offer significant advantages in- 
cluding:- 

(1) The distance between the cathode efec- 
io trode and the gate electrode is determined by 

the film thickness of the Insulation layer or the 
gate electrode layer. This is controlled in a 
superior manner relying on advances in LSI 
technology, and as a result a field emission 

is device of low threshold voltage and good uni- 
formity may be realised. In particular, while the 
prior art has been limited to a minimum distance 
Lgk of 0.8 jtm, the present invention makes it 
possible to reduce this distance even less than 

20 0.1 pm. 

(2) By adopting the excess etching step de- 
scribed above, the radii of curvature of the emis- 
sion projection tips of the cathode electrode 
may be made smaller than hitherto, making it 

25 possible to achieve low threshold values. While 
the prior art has been limited to a minimum 
radius of curvature of 2000 A, the present inven- 
tion makes It possible to reduce this below 500 
A. 

30 

Claims 

1. A field emission device comprising a substrate 
(1, 21, 31), a cathode electrode (2, 22, 32) 

35 provided on the substrate and formed with 
emission projections (3, 23, 33) extending gen- 
erally parallel to the surface of the substrate, 
and a gate electrode (4, 24, 34) provided on 
the substrate for controlling electron emission 

40 by the emission projections, characterised in 
that at least the emission projections are 
formed on an insulation layer (8, 28, 38) on the 
substrate such that the tips of the emission 
projections are positioned vertically above the 

45 level of the gate electrode. 

2. A field emission device according to claim 1 
characterised in that the gate electrode (4) and 
the emission projections (3) have mutually 

so overlapping portions with the insulation layer 
(6) or a space (7) there-between. 

3. A field emission device according to claim 1 or 
2 characterised In that the gate lectrode (24) 

55 has a contour portion (27) having a shap 
identical to the shape of the emission projec- 
tions (23). 
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4. A field emission device according to any of 
claims 1 to 3 characterised in that at least a 
portion of the gate electrode (34) has an in- 
clined plane, which slopes relative to the gen- 
eral direction of the emission projections (33). 

5. A field emission device according to any pre- 
ceding claim characterised by an anode elec- 
trode (5, 25, 35) formed from the same layer 
as the emission projections or the gate elec- 
trode. 

6. A method of manufacturing a field emission 
device comprising the steps of forming a cath- 
ode electrode (2, 22, 32) on a substrate with 
emission projections (3, 23, 33) extending gen- 
erally parallel to the surface of the substrate, 
and forming a gate electrode (4, 24 t 34) on the 
substrate for controlling electron emission by 
the emission projections, and characterised by 
forming an insulation layer (6, 26, 36) on the 
substrate beneath at least the emission projec- 
tions of the cathode electrode such that the 
tips of the emission projections are positioned 
vertically above the level of the gate electrode. 

7. A method according to claim 6 characterised 
in that the steps of forming the insulation layer 
and the cathode electrode comprise forming 
the insulation layer on the surface of the sub- 
strate (1) and on the surface of the gate elec- 
trode (4), forming a cathode electrode layer (9) 
on the surface of the insulation layer, treating 
the cathode electrode layer by means of an 
excess etching process to form the cathode 
electrode (2), and partially etching the insula- 
tion layer with the cathode electrode as an 
etching mask for exposing the gate electrode 
and at least the tips of the emission projections 
(3). 

a A method according to claim 6 characterised 
in that the steps of forming the insulation layer 
(26). the cathode electrode (22) and the gate 
electrode (24) comprise forming an insulation 
layer (28) over the surface of the substrate 
(21), forming a cathode electrode layer (29) on 
the surface of the insulation layer, treating the 
cathode electrode layer by means of an ex- 
cess etching process to form the cathode elec- 
trode (22). partially etching the insulation layer 
with the cathode electrode as an etching mask 
to expose at least the tips of the emission 
projections (23). forming a gate electrode layer 
(30) by directional particle deposition on the 
surface of the substrate and the surface of the 
cathode electrode, and etching the gate elec- 
trode layer to form the gate electrode (24). 



9. A method according to claim 6 characterised 
in that the steps of forming the insulation layer 
(36), the cathode electrode (32) and the gate 
electrode (34) comprise forming an insulation 

s layer (38) on the surface of the substrate (31). 
partially etching the insulation layer by an ex* 
cess etching process to form an Insulation 
layer (36) having a reverse taper shape in 
section, etching the substrate to form an in- 
to dined plane (37) adjacent an end of the insula- 
tion layer, forming an electrode layer (40) by 
directional particle deposition on the surface of 
the substrate and the surface of the insulation 
layer, etching the electrode layer to form the 
16 gate electrode (34) and the cathode electrode 

(32), and partially etching a side surface of the 
insulation layer with the cathode electrode as 
an etching mask to expose at least the tips of 
the emission projections (33). 

20 

10. Field electron emission apparatus, within field 
electron emission apparatus that furnishes at 
least an insulating plane substrate (1, 21, 31), a 
cathode electrode (2, 22. 32) that is a cathode 

25 electrode furnished on the surface of the said 
plane substrate and that furnishes emission 
projections (3, 23, 33) having a salient direction 
parallel to the surface of the said plane sub- 
strate, and a gate electrode (4, 24, 34) that is a 

30 gate electrode furnished on the surface of the 
said plane substrate for the purpose of control- 
ling the amount of electron emission of the 
said emission projections, characterised in that 
at least the said emission projections are fur- 

35 nished on the surface of the said plane sub- 
strate so as to hold an insulation layer (6, 26, 
36) and at least the tips of the said emission 
projections are positioned generally vertically 
directly over the said gate electrode. 

40 
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